Strains of AspergUlus nidulans carrying the orLA1 or tse6 allele are deficient in cell wail chitin and undergo lysis at restrictive temperatures. The strains are remediable by osmotic stabilizers or by the presence of N-acetylglucosamine (GlcNAc) in the medium. The remediation by GlcNAc suggests that the lesion(s) in chitin synthesis resides in the amino sugar biosynthetic pathway prior to the synthesis of N-acetylglucosamine-6-phosphate. orlA1 strains grown at permissive temperature exhibit an abnormally low specific activity for L-glutamine:fructose-6-phosphate amidotransferase (EC 2.6.1.16, amidotransferase), the first enzyme unique to amino sugar synthesis. In addition, the enzyme produced is temperature sensitive in vitro. tsE6 strains grown at permissive temperature show virtually no amidotransferase activity. This finding is consistent with an extremely labile enzyme which is destroyed by cell breakage and extract preparation. The enzyme must be active in vivo at permissive temperatures since GlcNAc is not required for growth. Thus, two structural genes (orlA and tsE) are necessary for the amidotransferase activity. bimGII strains are temperature sensitive for a type 1 protein phosphatase involved in cell cycle regulation and arrest in mitosis. Like orlAl and tsE6 strains, conidia from bimGII strains swell excessively when germinated and lyse; the germlings produced are deficient in chitin content. The amidotransferase from wild-type and mutant strains is sensitive to feedback inhibition by uridine diphosphate-N-acetylglucosamine. The sensitivity of the amidotransferase from bimG11 strains is dependent on growth temperature, while that from wild-type strains is independent of temperature. The enzyme can be desensitized in vitro under conditions consistent with a protein phosphatase reaction. It is proposed that amino sugar (and chitin biosynthesis) is partially regulated by phosphorylation-dephosphorylation of the amidotransferase or a protein regulator of the enzyme.
L-glutamine:fructose-6-phosphate amidotransferase (EC 2.6.1.16, amidotransferase), the first enzyme unique to amino sugar synthesis. In addition, the enzyme produced is temperature sensitive in vitro. tsE6 strains grown at permissive temperature show virtually no amidotransferase activity. This finding is consistent with an extremely labile enzyme which is destroyed by cell breakage and extract preparation. The enzyme must be active in vivo at permissive temperatures since GlcNAc is not required for growth. Thus, two structural genes (orlA and tsE) are necessary for the amidotransferase activity. bimGII strains are temperature sensitive for a type 1 protein phosphatase involved in cell cycle regulation and arrest in mitosis. Like orlAl and tsE6 strains, conidia from bimGII strains swell excessively when germinated and lyse; the germlings produced are deficient in chitin content. The amidotransferase from wild-type and mutant strains is sensitive to feedback inhibition by uridine diphosphate-N-acetylglucosamine. The sensitivity of the amidotransferase from bimG11 strains is dependent on growth temperature, while that from wild-type strains is independent of temperature. The enzyme can be desensitized in vitro under conditions consistent with a protein phosphatase reaction. It is proposed that amino sugar (and chitin biosynthesis) is partially regulated by phosphorylation-dephosphorylation of the amidotransferase or a protein regulator of the enzyme.
Chitin biosynthesis plays an important role in the growth and development of the fungal cell. For a large majority of the fungi, chitin contributes to the structural rigidity of the wall and thus is essential to the osmotic protection of the cell. Additionally, the myriad shapes of fungal cells are the result of the temporal and spatial regulation of chitin and other wall polymer synthesis. This is the most apparent in fungal hyphae, which grow filamentously as a result of the deposition of wall polymers at the hyphal apex (2, 16, 20) . In nonfilamentous fungi such as Saccharomyces cerevisiae, chitin synthesis is also temporally and spatially regulated as the polymer is predominantly localized in the chitin-rich ring which appears in the portion of the wall where a bud will form and in the primary septum separating mother and daughter cells (4, 5) .
Most hypotheses concerning the regulation of chitin synthesis have concentrated on chitin synthase. Chitin synthases of fungi are membrane-bound proteins (5), while the enzymes necessary for the synthesis of its substrate uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) are soluble proteins. For these reasons, the spatial regulation of chitin synthesis has been assumed to reside in the targeting of chitin synthase-containing vesicles to the areas of active synthesis (1) and/or preferential activation of a cryptic chitin synthase(s) in the areas of wall synthesis (5) .
The first pathway-specific enzyme leading up to UDPGlcNAc (and chitin) synthesis is L-glutamine:fructose-6-phosphate amidotransferase (EC 2.6.1.16, amidotransferase), which catalyzes the conversion of fructose-6-phosphate and glutamine to glucosamine-6-phosphate and glutamate. The amino sugar pathway also provides UDPGlcNAc for other GlcNAc-requiring processes, most notably the synthesis of the N-linked oligosaccharides of glycoproteins. The importance of the amidotransferase to the regulation of chitin synthesis has been demonstrated in the diverse fungal species Blastocladiella emersonii and S. cerevisiae. In S. cerevisiae, cells respond to a-factor by a cell cycle arrest in G1, a four-to five-fold increase in chitin synthesis, and an alteration in the pattern of chitin deposition (26). Orlean et al. (22) showed that the increased synthesis is due to increased endogenous GlcNAc synthesis. Subsequently, Watzele and Tanner (29) showed that both enzyme activity and amidotransferase-specific-mRNA are increased in response to a-factor. In the water mold B. emersonii, all the enzymes necessary for chitin synthesis are present in the dormant zoospore, but chitin is not synthesized by the wall-deficient cell until shortly after incubation of the spores under germination conditions. This block in chitin synthesis has been partially attributed to the inhibition of the amidotransferase by endogenous UDP-GlcNAc (13). The enzyme from zoospores is apparently phosphorylated and is sensitive to feedback inhibition by the activated sugar, while that from growing cells is dephosphorylated and is relatively insensitive to the effector. Presumably, an early step in germination is the dephosphorylation of the amidotransferase by a protein phosphatase (PP) and activation of chitin synthase. In this study, two genes from Aspergillus nidulans, orlA (3) and tsE (8, 16, 17) , which are necessary for amidotransferase activity were identified. In addition, I report that the sensitivity of the amidotransferase from A. nidulans to UDP-GlcNAc is likely to be regulated by protein phosphorylation. bimG11 mutants of A. nidulans possess a temperature-sensitive type 1 PP (PP1) (12 There is an inverse relationship between growth temperature and chitin content in the bimGJJ strain. Because of the mitotic block, growth of the mutant strain at 37 and 42°C is extremely limited compared with the growth of the control cultures; thus, a substantial fraction of the chitin detected in the mutant cells grown at elevated temperatures is likely to be derived from the chitin present in the conidial wall (6) . Consequently, the measurements probably considerably overestimate the amount of chitin synthesized by the germinating spores at the elevated temperatures.
Fructose-6-phosphate amidotransferase levels and stability. The orlAl, orlBl, tsE6, and gcnA95 mutant alleles of A. nidulans confer a temperature-sensitive chitin-deficient phenotype which can be remedied either by high osmotic strength or by the inclusion of GlcNAc in the medium (3). The remediation by GlcnAc suggests that the blocks in these mutants reside in an early step in the amino sugar biosynthetic pathway. Table 2 shows the specific activity of the fructose-6-phosphate amidotransferase (amidotransferase) from wild-type and mutant strains. For the mutant strains, cells were grown and the enzyme was assayed at the permissive temperature (32°C). The bimGII, orlBI, and gcnA95 strains show close to wild-type values. Two mutant strains, FGSC 725 (tsE6) and PB 043 (orlAI), differ significantly from the wild type. The tsE6 mutant has no measurable activity in vitro. However, since the strain grows at permissive temperature on minimal medium in the absence of GlcNAc and exhibits normal chitin levels (3), the enzyme must be active in vivo. Thus, the amidotransferase is probably highly unstable and the activity is lost during extract preparation. orlAl strains show about 20% of the normal specific activity. The reduced activity of the amidotransferase is likely to be due to an unstable amidotransferase since preincubation of the extract from PB 043 results in the inactivation of the activity at 32°C but not at 0°C (Fig. 2) Sensitivity of amidotransferase to UDP-GlcNAc. The amidotransferase activity from both wild-type and bimGJJ strains shows inhibition by UDP-GlcNAc. Since the bimGJIJ strain shows enhanced sensitivity to the inhibitor (see below), bimGI I extracts were used to assess the kinetic properties of the enzyme. Figure 3 shows the dependence of enzyme activity on fructose-6-phosphate and glutamine concentrations. The apparent Km for fructose-6-phosphate is 2.5 mM, while that for glutamine is 0.8 mM. Inhibition by UDP-GlcNAc is uncompetitive with respect to both substrates.
The sensitivity of the amidotransferase from a wild-type strain to UDP-GlcNAc is independent of growth temperature (Fig. 4) . The amidotransferase from a bimGJJ strain shows a positive correlation between growth temperature and sensitivity to the inhibitor. These results suggest that the amidotransferase or a protein regulator is a phosphoprotein and that the degree of phosphorylation of the amidotransferase is related to the sensitivity to UDP-GlcNAc. The sensitivity of extracts prepared from both wild-type and mutant strains is consistently higher when 40 mM NaF, an inhibitor of phosphatases (Fig. 4) , or 20 mM potassium phosphate (data not shown) is added to the standard MOPS buffer throughout extract preparation. These findings also support the hypothesis that the amidotransferase is a phosphoprotein.
When preincubated in the absence of Mg2+, extracts of strain JD 006 (bimGIl) lose sensitivity to UDP-GlcNAc very slowly (Fig. 5) . in the presence of Mg2", a time-dependent desensitization of the amidotransferase occurs. Activity in the absence of UDP-GlcNAc remains constant. The desensitization can be blocked by the presence of fluoride in the preincubation mixture. The addition of 20 mM phosphate to the incubation mixtures also inhibits the desensitization (data not shown). Attempts to sensitize amidotransferase preparations showing a low sensitivity to UDP-GlcNAc by preincubation in the presence of ATP and/or cyclic AMP have been unsuccessful.
DISCUSSION
The morphology of bimGJIJ mutant cells grown at semirestrictive and restrictive temperatures and the frequent lysis of cells under these conditions suggests that they are deficient in cell wall components. Analysis of the composition of the walls indicates an inverse relationship between chitin content and growth temperature. Since the bimGJJ allele encodes a temperature-sensitive PP, these results implicate a role for protein phosphorylation in chitin synthesis. The finding that the sensitivity of the amino sugar pathwayspecific amidotransferase to UDP-GlcNAc is temperature dependent and that the amidotranferase can be desensitized under conditions consistent with a dephosphorylation reaction is evidence that the amidotransferase or a protein regulator is a phosphoprotein. Presumably, the enzyme (or regulator) can be reversibly phosphorylated. The phosphorylated form of the enzyme (regulator) renders the enzyme (11) , both the chitin content and morphology of cells (yeast-to-mycelial transitions) are controlled by endogenous levels of cyclic AMP, implicating protein phosphorylation in both processes. It has been assumed that the polarity of chitin synthesis in fungi resides solely in the control of the localization of chitin synthase activity. However, the finding that GlcNAc can remediate the vegetative growth of orlAl, orlBI, and tsE6 mutants but does not support conidiation (3) suggests that in some cases localized GlcNAc synthesis is necessary for normal growth and development. The possibility that localized phosphorylation of the amidotransferase is involved in spatial regulation cannot be dismissed.
While the bimGJJ mutation confers a temperature-sensitive block in mitosis, strains with a disrupted bimG gene show the wild-type phenotype (lla). This suggests that other phosphatases can substitute for the bimG phosphatase function. In Schizosaccharomyces pombe, multiple phosphatases are necessary for the regulation of the cell cycle but can partially substitute for one another (18, 21) . It is not clear why the bimGJ I mutation is partially dominant, but a similar situation also exists for the dis2-11 allele from S. pombe (18, 21) . In this work, the desensitization of the amidotransferase in the presence of Mg2" indicates that either a PP2C or the Mg2+-dependent form of PP1 (9) is involved. Whether the phosphatases are interchangeable in vivo in wild-type strains remains to be seen.
The finding of two structural genes which are necessary for the amidotransferase activity was somewhat surprising. Single structural genes necessary for the enzyme activity from Escherichia coli (28) and S. cerevisiae (29) have been sequenced. The genes are 42% homologous and code for polypeptides of 66.9 and 80.0 kDa, respectively; the genes also show homology to other glutamine-dependent amidotransferases (19, 25, 27) . Evidence for multiple genes necessary for the amino sugar pathway amidotransferase activity has not been reported. An analysis of the physical properties of the Aspergillus enzyme will be necessary to determine whether the polypeptides encoded by the orlA and tsE genes are associated in vivo in a protein with heterologous subunits.
